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Abstract  
 
The development of the eye lens is one of the classical paradigms of induction during 
embryonic development in vertebrates. But while there have been numerous studies aimed 
at discovering the genetic networks controlling early lens development, comparatively little is 
known about later stages, including the differentiation of secondary lens fibre cells. The 
analysis of mutant zebrafish isolated in forward genetic screens is an important way to 
investigate the roles of genes in embryogenesis. In this study we describe the zebrafish 
mutant bumper (bum), which shows a transient, tumour-like hyperproliferation of the lens 
epithelium as well as a progressively stronger defect in secondary fibre cell differentiation, 
which results in a significantly reduced lens size and ectopic location of the lens within the 
neural retina. Interestingly, the initial hyperproliferation of the lens epithelium in bum 
spontaneously regresses, suggesting this mutant as a valuable model to study the molecular 
control of tumour progression/suppression. Behavioural analyses demonstrate that, despite a 
morphologically normal retina, larval and adult bum-/- zebrafish are functionally blind. We 
further show that these fish have defects in their craniofacial skeleton with normal but 
delayed formation of the scleral ossicles within the eye, several reduced craniofacial bones 
resulting in an abnormal skull shape, and asymmetric ectopic bone formation within the 
mandible. Genetic mapping located the mutation in bum to a 4 cM interval on chromosome 7 
with the closest markers located at 0.2 and 0 cM, respectively.  
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Introduction 
 
The zebrafish (Danio rerio) is well established as a model organism to study vertebrate 
embryogenesis and large-scale mutagenesis screens have led to the identification of genes 
controlling the development of specific organs and cell types. Whereas the formation of the 
retina (reviewed in [1-3]) and the development of visual function [4, 5] have been extensively 
investigated in zebrafish, the embryonic development and adult morphology of the zebrafish 
lens have only recently been described in detail [6]; see also [7-9]. Similarly, there are 
comparatively fewer studies examining the genetic factors controlling the development of the 
lens in zebrafish and a number of these relied on reverse genetics techniques (morpholino 
knock-down or over-expression experiments) targeting known genes (see e.g. [10-15]). The 
number of described zebrafish mutants with lens defects is therefore still limited (see e.g. 
[16-19]; reviewed in [2]).  
 
In this study we provide the first characterisation of one of the zebrafish mutants with a 
reported lens phenotype that were isolated in the first large-scale ENU mutagenesis screen 
for mutations affecting embryonic and early larval development in the zebrafish [20, 21]. The 
description of the bumper (bum) mutant phenotype in the initial publication is restricted to a 
brief note in the appendix of the publication summarizing the phenotypic descriptions of the 
mutants with aberrant forebrain development and merely states that in bum the lenses begin 
to degenerate on the fourth day of development [22]. To date, there have been no 
subsequent studies aimed at obtaining a more comprehensive phenotypic analysis of this 
mutant. The only other study involving bum larvae was a subsequent behavioural screen of 
400 zebrafish mutants to identify genes affecting visual performance in zebrafish [23]. While 
identifying a visual impairment for bum-/- mutant larvae in optokinetic response (OKR), 
optomotor-response (OMR) and visual background adaptation (VBA) assays as well as 
determining that the retinotectal projection was normal, this study did not quantitatively 
characterize the visual behaviour phenotype and does not include any direct data on the 
mutant.  
 
In order to better assess the bum-/- mutant phenotype, we performed detailed histological and 
functional analyses of the eye and vision. These revealed that this mutant shows a transient 
hyperproliferation of the lens epithelium. Moreover, while the primary lens fibre cells form 
normally, the differentiation of secondary lens fibre cells is severely impaired with the cells 
apparently swelling, detaching and disintegrating. This results in a lens of significantly 
reduced size, which can be ectopically located in the neural retina and a severe visual 
impairment of mutant fish.  
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The restriction of the fibre cell defect to secondary lens fibre cells is interesting because the 
two types of lens fibres found in vertebrates—primary and secondary—have a different 
developmental origin. In mammalian and avian species, the lens detaches from the surface 
ectoderm as a hollow lens vesicle, which is lined by a single layer of undifferentiated 
epithelial cells. While the epithelial cells at the lens’ anterior surface (facing the cornea) 
persist throughout life, the cells lining the lens’ posterior surface (facing the prospective 
retina) elongate towards the anterior to fill the vesicle (see e.g. [6] and references therein). 
These cells, which during the early development of the lens obliterate the lens vesicle’s 
lumen, are termed primary lens fibre cells. The situation in zebrafish is different in that the 
lens delaminates from the surface ectoderm as a solid cell mass and the primary fibre cells 
elongate not in a linear but in a circular fashion from the initial lens cell mass [6].  
 
Subsequent lens growth in mammals, birds as well as in zebrafish occurs via the 
differentiation of additional fibre cells from epithelial cells located near the lens’ equator. 
These secondary fibre cells elongate towards both the anterior and posterior lens poles. This 
elongation continues until they contact the tips of secondary fibre cells originating from the 
opposite equatorial region of the lens and form the anterior and posterior sutures, 
respectively [24]. Both types of lens fibre cells, primary and secondary, persist throughout life 
and the nature of lens development means that they remain in those regions of the lens 
where they were initially formed.  
 
While the two mechanisms leading to the differentiation of primary and secondary lens fibre 
cells are morphologically and molecularly similar, the two processes are nevertheless distinct 
(reviewed in [6, 24-26]). The bum-/- mutant with its phenotype which is restricted to the 
secondary lens fibre cells thus offers an opportunity to gain new, mechanistic insights into 
the processes that distinguish the differentiation of primary and secondary lens fibre cells.  
  
The developing lens placode and lens have also been shown to influence the development of 
other tissues in the embryo, for example, the optic cup in mice [27, 28] and chicken [29], the 
cornea in chicken [30] as well as the sclera in chicken [31] and the Mexican tetra (Astyanax 
mexicanus) [32]. In this context it is very interesting to note that tissues other than the lens, 
such as the retina and the cornea, appear to form normally in bum-/- mutants.  
 
While it is well established that the eye is an important component in determining the 
formation of the head skeleton, little is known about the contribution of the lens in this 
process. In this context, the development of the ocular skeleton (scleral ossicles and scleral 
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cartilage) which is situated within the eye has recently been described in teleosts [33], 
opening up the possibility of investigating the effects of the lens on the developing ocular 
skeleton. We therefore determined whether the degenerating lens in bum-/- affects the 
developing head skeleton by whole-mount staining zebrafish for cartilage and bone. These 
analyses revealed that the overall shape of the skull is altered, with several reduced 
craniofacial elements, and that asymmetric ectopic ossifications are present within the 
mandible. Surprisingly, the ocular skeleton is normal in adults. 
 
 
Materials and Methods 
 
Fish husbandry and breeding 
 
The zebrafish (Danio rerio) used in this study were of the Tübingen (TU) strain [34, 35]. 
General fish husbandry was as described [36]. Embryos and larvae up to 5 days post-
fertilisation (dpf) were kept in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 
mM MgSO4 and 10
-5 % methylene blue in distilled water) at 28°C and staged according to 
morphological markers as published [37, 38]. For external and behavioural analyses, living 
larvae and adult fish were anesthetized in 0.01% Tricaine® (3-aminobenzoic acid ethylester, 
Sigma) and mounted in 3% methyl cellulose (w/v) in E3 medium [36]. 
 
The zebrafish mutant bumper (bum; tg413, originally referred to as tg413b) [22] was initially 
identified in a large-scale ENU mutagenesis screen using zebrafish with the Tü background 
carried out at the Max Planck Institute for Developmental Biology in 1994-1995 [20].  
 
Histology and whole-mount staining 
 
Zebrafish embryos and larvae at different stages of development as well as adult zebrafish 
were fixed in a solution of 4% (w/v) paraformaldehyde and 2.5% (v/v) glutaraldehyde in 75 
mM phosphate buffer (pH 7.4) for 1 h at room temperature (RT) and stored at 4ºC overnight. 
For light microscopy, the fixed embryos and larvae were dehydrated in a graded series of 
ethanol (30%, 50%, 70%, 90%, 96% and 2 x 100% for 15 min each). Subsequently, the 
samples were infiltrated with Technovit® 7100 (Heraeus-Kulzer, Wehrheim/TS, Germany) 
including hardener I through the following steps: 1x in 2:1 100% ethanol/Technovit for 30 
min, 1x in 1:1 100% ethanol/Technovit for 30 min, 1x in 100% Technovit for 45 min and 1x in 
100% Technovit for 1 hr. All steps were carried out at RT under gentle agitation. The 
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infiltrated samples were transferred into freshly made Technovit 7100 containing both 
hardener I and II, properly orientated in moulds and left overnight to polymerize. Sections of 
1 to 4 µm thickness were cut on a microtome (Reichert, Germany) using glass knifes. The 
sections were subsequently transferred onto a drop of 15% ethanol on SuperFrost® Plus 
slides (Menzel-Glaser, Germany) and left to dry on a heated plate at approx. 50°C for 15 
min. For general histology, the dried sections were stained with 0.5% toluidine blue (Fluka) in 
1% sodium tetraborate for 10 sec. Excess staining solution was washed off with tap water 
and the sections left to dry again at approx. 50°C for 15 min. For imaging and long-term 
storage, dried slides were mounted in Epon and examined in an Axiophot microscope (Zeiss, 
Germany) equipped with a digital camera. For the histological analyses, >10 individuals were 
used for the larval stages and 5 adult individuals were analysed.  
 
For the visualisation of apoptotic cells in the lens, living 4 dpf zebrafish larvae were incubated 
in 0.5% (w/v) Acridine Orange (Sigma, Germany) in E3 medium without methylene blue for 
90 min. at 28°C. The incubated larvae were then washed three times with E3 medium and 
examined with an Olympus BX61 fluorescence microscope (Olympus, Germany). The 
number of apoptotic bodies within the lens of 8 siblings and 8 mutant larvae were manually 
counted and statistically analysed using SPSS (SPSS, USA). Image processing and graph 
designing was performed with Adobe Photoshop and Illustrator (Adobe Systems, USA) and 
SPSS (SPSS, USA). 
 
To visualise the skeleton, adult and juvenile bum-/- and wild-type zebrafish were whole-mount 
stained with Alizarin red and/or Alcian blue (described in [33]. Briefly fish were fixed overnight 
in 4% paraformaldehyde at 4°C, dehydrated, bleached in a mild hydrogen peroxide solution 
and trypsinized to remove most of the soft tissue. Approx. 15 specimens were stained in this 
manner. The analyses focused on 8 specimens ranging in size from 15-30 mm SL which 
showed the most striking skeletal differences. Specimens were examined using a Nikon 
SMZ1500 stereomicroscope. Some dissection was conducted to display the skeletal 
phenotypes. Measurements of skeletal elements were taken from digital images using Nikon 
NIS imaging software. Student t-tests were used to compare measures between wild-type 
and mutant fish. All measures were standardized with standard length. Statistical analyses 
were conducted using Sigma Plot 10.0 (Systat Software Inc., USA). 
 
Electron microscopy 
 
For transmission electron microscopy (TEM) of embryonic and larval eyes, the specimens 
were fixed in five times their volume of 2.5% (v/v) glutaraldehyde and 4% (w/v) 
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paraformaldehyde in 75 mM phosphate buffer (pH 7.4) for at least 24 hrs. The fixed 
specimens were then washed three times with PBS and contrasted with 1% OsO4 in PBS for 
90 min. on ice. The samples were subsequently washed once in PBS and three times in 
distilled water, before being incubated in 1% aqueous uranyl acetate for 1 hr. The tissue was 
then dehydrated in a graded series of ethanol at RT and embedded in Epon (Roth, 
Karlsruhe, Germany). Ultrathin sections (60-100 nm) were cut on a LKB Ultratome IV (LKB 
Instruments, Bromma, Sweden), contrasted with lead citrate [39] and examined using a 
Phillips CM10 transmission electron microscope (Philips Industries, Eindhoven, The 
Netherlands) operating at 60 kV. The TEM analyses were performed on 10 individuals. 
 
Quantitative measurement of lens epithelial cell hyperproliferation 
 
For the measurements of the hyperproliferating lens epithelia, 4 dpf and 5 dpf larvae were 
fixed in a solution of 4% (w/v) paraformaldehyde in 150 mM phosphate buffer (pH 7.4) 
overnight at 4ºC. Fixed larvae were dehydrated in a graded series of ethanol (see above) 
and subsequently infiltrated with Technovit® 7100 (Heraeus-Kulzer, Germany) including 
hardener I 2x in 1:1 100% ethanol/Technovit for 30 min each and 2x in 100% Technovit for 1 
hr each. All steps were carried out at RT under gentle agitation. The infiltrated samples were 
transferred into freshly made Technovit 7100 containing both hardener I and II, properly 
orientated in moulds and left overnight to polymerize. Sections of 3 μm thickness were cut on 
a Leica RM 2145 microtome (Leica, Germany) using glass knifes. The sections were 
transferred onto a drop of ddH2O on SuperFrost® Plus slides (Menzel-Glaser, Germany) and 
left to dry on a heated plate at approx. 50°C for 15 min. For general histology, dried sections 
were stained with 0.5% toluidine blue (Fluka, Switzerland) in 1% sodium tetraborate (Fluka, 
Switzerland) for 10 sec. Excess staining solution was washed off with tap water and the 
sections left to dry again at approx. 50°C for 15 min. For imaging and long-term storage, 
dried slides were mounted in Entellan (Merck, Germany) and examined in an Olympus BX61 
microscope (Olympus, Germany) equipped with a digital camera. 10 sibling and 9-10 mutant 
larvae were analyzed. The thickness of the lens epithelium was measured using ImageJ 
(National Institutes of Health, USA) and statistically evaluated and plotted with SPSS (SPSS, 
USA) and the Excel software (Microsoft, USA). The images were processed using Adobe 
Photoshop and Illustrator (Adobe Systems, USA). 
 
Quantitative measurement of visual performance 
 
The optokinetic response (OKR) was quantitatively measured to analyze the visual 
performance of bum-/- mutants. The stimulus triggering an OKR consisted of a 360° moving 
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black-and-white sine-wave grating. Contrast sensitivity and visual acuity of 5 and 7 day old 
zebrafish larvae were tested by separately changing the contrast and the spatial frequency 
of the stimulation pattern. The temporal frequency was kept constant at 7.5 degrees per 
second. The stimulus was generated using the Vision Egg stimulus generation software 
library [40]. It was projected by a LCD projector (Sony, VPL CX1) via a mirror to the inside of 
a white cylindrical screen with a diameter of 90 mm. The larva to be analyzed was placed in 
a 35 mm Petri dish and immobilized in a 3% methyl cellulose solution in the center of the 
cylinder. The elicited eye movements were recorded by an infrared-sensitive black-and-
white CCD camera (Allied Vision Technologies, Guppy F-038B NIR) and evaluated by 
custom made software based on Labview v7.1 with IMAQ v3.7 extension (National 
Instruments). A total of 10 sibling and 10 bum-/- mutant larvae were analyzed for both 
paradigms. Statistic analysis and graph design were performed using SPSS v17.0 (SPSS 
Inc.). 
 
Genetic mapping of bum-/- and sequencing of candidate genes 
 
Map crosses were set up between heterozygous bum+/- (Tü background) and wild-type WIK 
zebrafish. The offspring from these crosses were inbred and homozygous bum-/- and sibling 
F2 progeny were collected and their DNA extracted. Bulked segregant analysis on 48 bum
-/- 
larvae and siblings, respectively, was done using 192 simple sequence length 
polymorphisms (SSLP markers) distributed over the entire genome [35]. Further fine 
mapping was performed using the total DNA of additional single homozygous bum-/- mutant 
larvae. The number of mutant larvae tested for each SSLP marker in the fine mapping 
approach is given in figure 7. DNA extraction and PCR were performed as described [35, 
41]. The coding sequences (cds) of the zebrafish genes hspa12b, cct7 and slc8a4b were 
sequenced using primers encompassing the entire cds of the respective cDNAs.  
 
Results and Discussion 
 
Lens phenotype in bumper 
 
When first identified as part of a large-scale ENU mutagenesis screen, the zebrafish mutant 
bumper (bum) was classified as showing a degenerating lens starting at 4 days post-
fertilization (dpf) [22]. This study did, however, not provide any details on the phenotype nor 
show any data. As a first step towards the characterisation of the mutant phenotype, we 
therefore performed a detailed analysis of the morphology of the eyes in embryonic (36 hpf 
and 2 dpf; see Suppl. Fig. 1) and larval bum-/- zebrafish (3, 4 and 5 dpf; see Figs. 1, 2 and 
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4A-G, respectively) as well as in adult bum-/- individuals (Fig. 4H,I). These analyses revealed 
a number of unique aspects of the bum-/- phenotype, starting at 3 days post-fertilisation (cf. 
Suppl. Fig. 1 and Fig. 1, respectively). In contrast to wild-type eyes, which display large 
lenses of homogenous appearance that are located centrally in the eye cup, bum-/- eyes 
show a range of lens abnormalities with respect to the size and position of the lens within the 
eye (Figs. 1-5) as well as the control of proliferation and differentiation of lens cells. 
Importantly, the ocular phenotype in bum appears to be restricted to the lens epithelium and 
the secondary lens fibre cells (Figs. 1, 2, 4 and 5), while the primary fibres form normally and 
the development of other tissues of the eye, including the neural retina and cornea, is not 
affected (Figs. 1, 2, 4 and 5).  
 
When analysing semi-thin and ultrathin sections of the eyes of 3-5 dpf bum-/- larvae by light 
and transmission electron microscopy, respectively, we observed several cellular and 
subcellular malformations of the lens. The most prominent of these is a significant 
hyperproliferation of the anterior lens epithelium, which can first be observed at 3 dpf (Fig. 1). 
In contrast to wild-type lens epithelia, which consistently form a monolayer of cells (see Fig. 
1B,D,F (3 dpf) and Fig. 2 C,C’ (4 dpf)), the lens epithelia in bum-/- larvae are invariably 
multilayered (Fig. 1C,E,G,G’). This phenotype becomes more pronounced at 4 dpf (Fig. 
2B,D,E; see also Fig. 5). The hyperproliferation of the lens epithelium in bum-/- results in a 
disorganised mass of cells which fills the chambers of the anterior part of the eye.  
 
Closer inspection of the cells in the 3 and 4 dpf bum-/- epithelia revealed two important 
aspects of these cell masses. First, they comprise morphologically undifferentiated cells, 
indicating a tumour-like growth of the lens epithelium in the mutant (Fig. 1E,G,G’ (3 dpf) and 
Fig. 2D,E (4 dpf)). Second, they contain a number of pyknotic nuclei and structures that 
appear to be remnants of perished cells (Fig. 1G’ (3 dpf) and Fig. 2D,E (4 dpf)), suggesting a 
frequent occurrence of apoptotic and/or necrotic cell death. The latter observation was 
confirmed by the large numbers of apoptotic cells seen in 4 dpf bum-/- larvae stained with 
Acridine Orange, a dye that labels the nuclei of cells undergoing apoptosis (Fig. 3).  
 
This elimination of cells in the bum-/- lens epithelium may explain why the hyperproliferative 
cell masses are reduced in size or even no longer present at subsequent stages of 
development (see Fig. 4B-D (5 dpf) and Fig. 5). Importantly, we never observed tumours in 
the eyes (or other organs) of the bum-/- mutant individuals we raised to adulthood and kept 
for >2 years (n>50; see also Fig. 4H and Fig. 6), further indicating that the hyperproliferation 
of lens epithelium is a transient phenomenon. This observation is particularly interesting in 
the context that there are no reports of human lens tumours in the medical literature, 
 10 
suggesting the existence of a mechanism to suppress persistent neoplasia in this tissue. The 
bum-/- mutant, with its initial hyperproliferation of the lens epithelium, may thus prove a 
valuable model to investigate these mechanisms and to gain new insights into tumour 
suppression. 
 
In addition to the hyperproliferation of the lens epithelium, also the differentiation of lens fibre 
cells shows defects in bum-/- larvae. Lens fibre cell differentiation is morphologically 
indistinguishable between sibling and mutant larvae until 2 dpf (Suppl. Fig. 1). At 3 dpf, 
however, the first phenotype becomes apparent. While the differentiation of the secondary 
fibre cells themselves still appears to occur normally at this stage (Fig. 1H,I), mutant lenses 
show the first signs of deformations at  their outer cortices (Fig. 1J). This phenotype 
becomes more pronounced at 4 dpf (Fig. 2H).  
 
Moreover, at 4 dpf we occasionally observed secondary fibre cells with a significantly less 
electron dense cytoplasm embedded in layers of fibre cells that show the much darker 
appearance characteristic of differentiated lens fibres in electron micrographs (Fig. 2G). The 
homogenous, electron dense appearance of lens fibre cells at later stages of cell 
differentiation is a reflection of the expression of high levels of soluble cytoplasmic proteins, 
most notably crystallins, which contribute significantly to the optical properties of the lens 
fibre cells’ cytoplasm [42]. The light appearance of the cytoplasm of these occasional fibre 
cells in the mutant lens suggests that they either fail to express the high protein levels 
characteristic of differentiated wild-type lens fibres or that the protein content of their 
cytoplasm is diluted. In this context it is interesting to note that we observed that the 
outermost fibre cells in the bum-/- mutant lens appear to show signs of swelling (cells labelled 
“s” in Fig. 2G,H). This phenotype becomes substantially stronger at later stages of 
development (see below). Importantly, neither a swelling of secondary lens fibre cells nor the 
presence of fibre cells with a lighter cytoplasm were ever detected in wild-type lenses at any 
of the stages examined (see Figs. 1D (3 dpf), 2F (4 dpf) and 4F-G (5 dpf)).  
 
In addition to the lighter appearance of their cytoplasm, we also observed that at least some 
of the differentiating secondary lens fibre cells in 4 dpf mutant larvae retain nuclei of 
morphologically normal appearance beyond the stage where organelles are normally 
degraded during lens cell differentiation (arrowhead labelled “N” and inset in Fig. 2G). This 
indicates that the elimination of organelles is impaired in these cells. The programmed 
degradation of all membrane-bound organelles, such as the nucleus [43-45] and 
mitochondria [44] [46], is a hallmark of fibre cell differentiation and a prerequisite of lens 
transparency (reviewed in [25, 47]). Together with the less electron dense cytoplasm, the 
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failure of these cells to undergo this degradation suggests a general deregulation of the 
differentiation process in bum. Interestingly, we never observed primary fibre cells in which 
this organelle elimination had not occurred, suggesting that the molecular mechanisms 
underlying the degradation of organelles in the two types of lens fibres may have distinct 
components.  
 
We also observed that the lobe-like protrusions of fibre cells from the main fibre cell mass 
that were first seen in 3 dpf lenses (Fig. 1J) became more pronounced at 4 dpf (Fig. 2H). The 
wild-type lens is one of the most precisely ordered and regularly shaped tissues in the 
vertebrate body with the fibre cells forming concentric shells and the fibres within each shell 
running in parallel to one another [6]; [24, 26]. The reason for the partial breakdown of this 
arrangement in the bum-/- lens is currently unclear. It could be due to pressure exerted by the 
hyperproliferating epithelial cells (see also the massive deformation of the fibre mass near 
the anterior lens pole indicated by # signs in Fig. 2D,E at 4 dpf) and/or a defect in the 
formation of the lens capsule, which was not examined in this study.  
 
The bum-/- phenotype at 5 dpf displays several interesting developments over earlier 
developmental stages. In wild-type larvae, the lenses are large and well developed at this 
stage (Fig. 4A). In the bum-/- mutant by contrast, the lenses can be significantly reduced in 
size (Fig. 4B). They are occasionally also located ectopically, e.g. within the dorsal ganglion 
cell layer and the inner plexiform layer of the neural retina as evident in the eye on the right-
hand side in figure 4B. Furthermore, the massive hyperproliferation of the lens epithelium 
seen at 4 dpf (Fig. 2) is not as pronounced anymore at 5 dpf and these mutant lenses 
occasionally even display an epithelial monolayer as seen in the wild-type lens (Fig. 4C,D; 
inset in D). 
 
As the spontaneous reduction in the epithelial cell masses seen between 4 and 5 dpf might 
have important implications for the understanding of tumour progression (e.g. the transition 
from an initial hyperproliferation to sustained tumour growth), we quantified the decrease in 
epithelial thickness (Fig. 5). These analyses show a very significant decline in the thickness 
of the mutant epithelium from day 4 (Fig. 5A) to day 5 (Fig. 5B). These findings suggest that 
the hyperproliferation of the lens epithelium in bum is reversed at this developmental stage. 
This reversal may be due to two factors: a decline in proliferation rates (not assessed in this 
study) and/or an increase in cell death (see Fig. 3). Importantly however, the reduction in 
hyperproliferation seems to be sustained as we never observed ocular (or any other) 
tumours in adult (>2 yrs. old) bum-/- zebrafish (n>50; see also Fig. 4H and Fig. 6). This 
suggests this mutant as an interesting model to identify the molecular mechanisms that 
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normally prevent the development of tumours in the eye lens as well as those underlying 
tumour progression/suppression in general.  
 
Closer examination of the lens phenotype in 5 dpf bum-/- mutant larvae in semi-thin sections 
also revealed that these mutants have a severe defect in secondary lens fibre cell 
differentiation. In all eyes examined, the outer region of the lens showed varying degrees of 
degeneration, resulting in small and often misshapen lenses (Fig. 4B-E). Regularly, the outer 
layers of fibres appeared to have become detached from one another resulting in large 
vacuolar spaces between adjacent fibre cells (Fig. 4C-E). As observed at 4 dpf (Fig. 2), the 
primary lens fibre cells appear to have developed normally and the lens’ nucleus is 
morphologically indistinguishable from wild-type lenses (compare the appearance of the 
central regions of the lenses in Fig. 4A (wild-type) with Fig. 4B,C (mutant) and see Fig. 
4D,E). As in the wild-type (Fig. 4A), the lens nucleus in 5 dpf bum-/- larvae stains uniformly 
with dyes such as toluidine blue (Fig. 4B,C), indicating that the cells comprising this region 
have eliminated their intracellular organelles, most notably their nuclei which are readily 
visualized with this technique or would be visible in electron micrographs (see Fig. 4D).  
 
The phenotype of the secondary lens fibres becomes more apparent at higher magnifications 
in thin-section transmission electron microscopy images (Fig. 4D,E). These images reveal 
that in 5 dpf bum-/- larvae the secondary fibres, instead of adopting the flattened, band- or 
fibre-like shape characteristic of lens fibre cells soon after having differentiated from the 
surface epithelium (see Fig. 4F,G for age-matched wild-type sibling lenses), become 
enlarged (asterisks in Fig. 4E). Note that this swelling of the fibres already sets in only a few 
cells deep into the fibre mass, i.e. at a stage when the cells are still differentiating (Fig. 4E). 
These swollen differentiating secondary lens fibre cells also appear to be atypically arranged 
and are not aligned as parallel fibres forming the concentric shells observed in normal 
vertebrate lenses [24], including that of the zebrafish [6].  
 
One or two cell layers deeper into the lens, the fibre cells become detached from each other 
and appear to fragment or burst open, leaving large empty spaces between residual fibre cell 
fragments (labelled “v” in Fig. 4D,E). By contrast, the deeper (primary) lens fibre cells appear 
to have differentiated normally and possess a homogenous, electron-dense cytoplasm, 
indicative of the high protein concentrations normally found in the cytoplasm of differentiated 
fibre cells (Fig. 4D,E). It is, however, worth noting that, in contrast to our observation on 4 dpf 
bum-/- lenses (Fig. 2), the abnormally differentiating secondary lens fibre cells in the 5 dpf 
bum-/- lens seem to eliminate their intracellular organelles (Fig. 4E). 
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It is interesting that, despite the dramatic effect of the mutation on the differentiation of 
secondary lens fibre cells, the primary fibres forming very early during lens development 
appear to have differentiated normally. Differences in the differentiation of primary and 
secondary lens fibres have previously been described (reviewed in [25]; Dahm, 2007 #672}). 
The molecular mechanism(s) underlying these differences are, however, still largely 
unknown. The bum mutant might thus offer interesting insights into the molecular differences 
between these two processes. 
 
Note that the pupil diameter in bum-/- eyes at 5 dpf is already noticeably reduced as 
compared to the wild-type eyes (compare panel A (wild-type) with panels B and C (mutant) in 
Fig. 4; see also Fig. 5). This feature of the mutant phenotype, combined with the absence of 
the anterior part of the lens protruding into the anterior eye chamber (compare panel A (wild-
type) with panels B and C (mutant) in Fig. 4), greatly facilitates the reliable identification of 
mutant individuals at this developmental stage.  
 
Despite the severity of the lens phenotype in bum-/- individuals—the hyperproliferation of the 
lens epithelium, the compromised secondary lens fibre cell differentiation and the 
deformation of the lens fibre cell mass—the development of the other tissues in the bum-/- 
eye appears to be largely unaffected. In particular, the retina and the cornea, which are in 
close contact with the lens throughout development, appear to be unaffected in a major way. 
The mutant retina, for instance, displays all the layers seen in the wild-type, including, from 
the centre of the eye to its periphery, a ganglion cell layer, an inner plexiform layer, an inner 
nuclear layer, an outer plexiform layer, a photoreceptor cell layer and a retinal pigment 
epithelium (Fig. 1A-C (3 dpf); Fig. 2A,B (4 dpf); Fig. 4A-C (5 dpf) and Fig. 4H-I (adult)). 
Moreover, as seen in the wild-type, the optic nerve exits the eye and seems to be projecting 
normally to the brain (Figs. 1A,G; 2B). Also the cornea appears morphologically normal at all 
stages examined (Fig. 1A-G’ (3 dpf); Fig. 2A-E (4 dpf); Fig. 4A,D (5 dpf) and Fig. 4H (adult)). 
These findings indicate that the ocular phenotype in the bum-/- mutant is lens-specific. It 
should, however, be noted that compared to the wild-type adult retina (Suppl. Fig. 2), the 
thickness of retinal layers in adult bum eyes appears reduced. This is likely a secondary 
effect resulting from the lack of (or reduction in) visual input in the adult mutant, which lack a 
pupil (Fig. 6), and the subsequent decreased need for processing of visual information, which 
might result in fewer cells and neuronal connections in the bum retina. 
 
In view of the fact that the lens is considered a major contributor to the shape of the 
developing eye, it is notable that at 5 dpf the overall size of the eyes is only slightly affected 
by the reduction in lens size in bum-/- larvae (Fig. 4A,B). This is in contrast to later stages 
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where the eyes of bum-/- zebrafish are more strongly reduced compared to age-matched 
wild-type individuals. Especially, in adult zebrafish, which normally have prominent lateral 
eyes (Fig. 6A), the eyes are significantly smaller in bum-/- mutant individuals (Fig. 6B; see 
also Fig. 8B,E below).  
 
Sectioning of the eyes of adult bum-/- zebrafish revealed the absence of a lens in the mutant 
(Fig. 4H). This indicates that the small lenses which initially form in bum-/- larvae remain too 
small to be detected when preparing serial sections or are lost as development proceeds. 
While we cannot formally rule out the presence of very small, residual lenses (as observed at 
early larval stages; see e.g. Fig. 4B), the lack of large, transparent lenses centrally located in 
the eyes of adult bum-/- zebrafish means that the functions normally fulfilled by this structure 
are absent in the mutant.  
 
Adult bum-/- eyes are further characterized by a virtually closed pupil. Instead of the iris 
forming a large, circular opening as observed in wild-type eyes (Fig. 6A), the iris in adult bum-
/- eyes appears continuous (Fig. 6C-D’) or with only small unpigmented areas (Fig. 4H and 
inset in 4H; arrowheads point to a short melanin-free area in the continuous iris). This 
morphology would allow for only very little light to be able to penetrate into the eyes of bum-/- 
individuals. Surprisingly, the cornea (Fig. 4H) as well as the retina (Fig. 4I) and the other 
parts of the eye (Fig. 4H) appear to have developed normally in bum-/- zebrafish despite the 
severe degeneration/absence of the lens. The overall size of the eye in adult bum-/- mutant 
zebrafish (Fig. 6B-D) is, however, substantially reduced as compared to the wild-type (Fig. 
6A).  
 
Visual behaviour of bum 
 
Despite a retina with wild-type morphology, bum-/- mutant larvae and adult fish display 
morphological and behavioural phenotypes that indicate a lack of visual function. For 
instance, when kept under bright light conditions, the dorsal and lateral surfaces of adult 
bum-/- zebrafish are significantly darker than those of age-matched siblings (Fig. 7A,B), 
indicating that bum-/- zebrafish fail to undergo visual background adaptation (VBA). This is a 
mechanism by which zebrafish can adjust the brightness of their skin to environmental light 
levels by changing the distribution of melanosomes in the skin’s melanocytes. In bright light 
conditions, the melanin granules are concentrated in a small, perinuclear volume resulting in 
most of the melanocytes’ cytoplasm being melanin-free. As a consequence the fish’s skin will 
appear lighter. By contrast under conditions of low light levels, the melanin granules are 
dispersed throughout the melanocytes thus covering most of the skin area and resulting in a 
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darker appearance. As VBA in zebrafish is mediated by visual input through the eyes [48, 
49], the absence of this response in bum-/- individuals is an indication that these fish are 
strongly impaired in light perception. 
 
This observation is corroborated by observations of the visual behaviour of bum-/- adult 
zebrafish. In contrast to wild-type zebrafish, which actively and in a directed fashion swim 
towards food (e.g. flakes of dry food or Artemia) even from considerable distances, bum-/- 
individuals aimlessly scout their tanks until, almost by accident, they touch a food item with 
their head at which point they rapidly turn to ingest it. This behaviour was frequently 
observed in >4 separate tanks of adult bum-/- zebrafish each containing at least 15 
individuals.   
 
Contrast sensitivity and visual acuity are affected by the mutation in bum 
 
In order to obtain more quantitative data on the visual ability of bum-/- zebrafish, we 
performed optokinetic response tests to assess visual performance [50]. We compared the 
visual performance of bum-/- larvae with that of age-matched (wild-type) siblings in two 
experimental paradigms. In the first experiment, we tested contrast sensitivity by varying the 
contrast of the projected stripes (Fig. 7C,E). This test revealed a highly significant reduction 
in contrast sensitivity in bum-/- mutants compared to their siblings at 5 dpf [F(1;19)=34.92, 
p<0.001] as well as at 7 dpf [F(1;19)=89.91, p<0.001]. At all contrast levels, the eye velocity 
in bum-/- mutants was significantly lower compared to siblings with the exception of 5% 
contrast, where both groups show spontaneous baseline activity as observed in the absence 
of movement in the surround (data not shown). 
 
The second test used to assess for visual acuity involved varying the spatial frequency of 
the moving stripes. The visual acuity of bum-/- mutants is also affected by the mutation in this 
test (Fig. 7D,F). The average eye velocity of 5 and 7 day old bum-/- mutants compared to 
their siblings is highly significantly reduced [F(1;18)=31.10, p<0.001 or F(1;18)=53.65, 
p<0.001, respectively] for any spatial frequency tested except for 0.16 cycles (Fig. 7D,F). 
This spatial frequency is below the cut-off frequency detected by wild-type individuals and 
therefore no eye movement is evoked. Interestingly, both larval groups showed an increase 
in visual performance in both experimental paradigms with age, reflecting the ongoing 
maturation of the visual system also in bum-/- mutant larvae. It should, however, be noted 
that bum-/- mutant zebrafish show a very limited visual ability in the tests we performed.  
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Importantly, the mutation in bum does not affect a vital organ or cell type as homozygous 
bum-/- mutant zebrafish are viable (Fig. 6). Moreover, it does not affect fertility (we succeeded 
in breeding homozygous bum-/- mutants over several generations). While the absence of 
visual function would constitute a significant decrease in fitness for individuals living in the 
wild, eyes are a non-essential organ in the artificial setting of a laboratory, especially when 
bum-/- individuals are kept separate from wild-type zebrafish and thus are not competing for 
food. Given that adult bum-/- zebrafish are viable and display no obvious difference in survival 
rates when compared with wild-type zebrafish, this strain is suited for experiments in which 
bum-/- and wild-type zebrafish are kept in the same environment to assess their respective 
fitness and thus assess the evolutionary advantage of vision in a vertebrate species. In blind 
tetra (cavefish), the reduction of the eye has lead to several constructive changes which 
include expanded circumorbital bones (shown here for bum-/- as well; see below) as well as 
increased taste buds and neuromasts, presumably to compensate for the lost visual ability 
(see Franz-Odendaal and Hall, 2006, for discussion). Although it would be extremely 
interesting to investigate whether these changes also occur in bum-/-, our behavioural data 
(described above) would suggest that no compensation has occurred.  
 
Skeletal analyses reveal craniofacial defects and a normal ocular skeleton 
 
In addition to the lens and other ocular phenotypes described above, skeletal anomalies 
were observed in the craniofacial region of bum-/- zebrafish, whereas the trunk skeleton 
appeared normal in all specimens examined. In wild-type zebrafish the eye occupies a large 
space within the skull. In bum-/-, however, many (but not all) of the craniofacial skeletal 
elements are altered in size and/or shape. Overall the skull appears to be reduced in all three 
axes—anterior-posteriorly, laterally and dorso-ventrally—compared to wild-type specimens 
(Fig. 8A-F). Specifically, the length of the skull roof (distance b in Fig. 8A,D), its overall width 
(distance c) and the depth (distance g) of the skull are reduced in bum-/- compared to wild-
type individuals (Suppl. Table 1). Statistical analyses show that all three measures are 
significantly different (length: t(-5.57, 12), p=0.0001; width: t(-3.54, 12), p=0.004; depth: t(-
1.79, 9), p=0.10). Interestingly, the distance between the subtemporal fossa (distance e in 
Fig. 8A,D) is similar suggesting that this defect is not a simple re-scaling of the skull 
dimensions.  
 
Cartilage and bone elements of the olfactory region are also normal in bum-/-. In 2 out of 6 
adult bum-/- zebrafish, the dentary bone has ectopic asymmetric ossifications while the 
maxilla and premaxilla of these specimens are only mildly affected (Fig. 8P-T).  For example, 
the dorsal process of the premaxilla in one specimen is slightly shorter on the left versus the 
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right side. One specimen also has a severely folded opercule bone on the left side. The 
hyoid and branchial arches are normal, while the pterygoid complex and hyomandibular 
bones are slightly smaller in bum-/- compared to wild-type specimens of the same size (Fig. 
8G,L,M)  
 
Apart from the overall differences in skull shape, some of the orbital bones are altered in 
shape, size or position (Fig. 8J,K,N,O). The supraorbital bone (dissected in Fig. 8J), which 
usually covers the dorsal aspect of the eyeball (distance a in Fig. 8A,D), instead extends 
ventrally to partially cover the orbit, thereby further reducing the lateral dimensions of the 
skull. Surprisingly despite adult bum-/- zebrafish having a non-functional eye which is 
significantly reduced in size in the adult (Figs. 6 and 7), the ocular skeleton is preserved with 
normal scleral cartilage (Fig. 8G) in juveniles. This element later ossifies periskeletally from 
the scleral cartilage template to form two normal scleral ossicles (Fig. 8H,I). This ossification 
occurs much later than scleral cartilage induction and lens development (Franz-Odendaal et 
al. 2007), however in bum-/- subadult specimens, we observed delayed ossification of the 
scleral ossicles (Fig. 8I, top wild-type, bottom, bum-/-). These findings suggest that the 
developmental programme responsible for induction of the ocular skeleton is unchanged 
despite lens degeneration. This is in contrast to lens ablation experiments done in the 
sighted Mexican tetra (Astyanax mexicanus), where ablating the lens prevents scleral ossicle 
formation, leaving only the scleral cartilage template [32]. The infraorbital bones of bum-/- are 
also slightly expanded (not shown).  
 
One reason why the ocular skeleton is preserved in bum-/- but not in cavefish could be 
differences in the process of lens degeneration. In bum-/-, the primary lens fibres and the 
other eye tissues (iris, cornea, retina) develop normally. The secondary lens fibres however, 
degenerate soon after forming resulting in a reduced size of the lens. In the cavefish, lens 
fibres do not form and the cornea does not differentiate, however, the retina does 
differentiate and the resulting optic cup is smaller [51]; Fig. 2D in [52]. This suggests that the 
degenerating secondary lens fibres are not required for normal development of the ocular 
skeleton in zebrafish. Alternatively, this could be a species difference. 
 
Recently, Albertson and Yelick reported distinct skeletal defects including facial asymmetries, 
irregular cranial suturing and ectopic bone formation in zebrafish with an fgf8 
haploinsufficiency (aceti282a/fgf8 heterozygotes) [53]. The ectopic bone formation in these 
heterozygotes was limited to the mandible, as in bum-/-, shown here, and was observed in 
30% of homozygous recessive aceti282a mutants. The frontal region of the skull was expanded 
in both length and height relative to the posterior region. These authors hypothesize that the 
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bone defects observed may relate to mechanisms that underlie bone growth and remodelling 
since FGFs are known to play major roles in skeletal development (e.g. [54, 55] and others). 
The reason why the mandible region (and not other skeletal elements) is susceptible to 
ectopic bone growth is unclear at present but could point to as yet unknown epigenetic 
factors involved in teleost ossification. Further experiments to identify the mutation in bum-/- 
and whether it functions in the same genetic network as FGFs would need to be conducted 
in order to understand the observed craniofacial defects. 
 
Genetic mapping of the mutation in bumper 
 
To identify the genetic defect underlying the bum-/- phenotype, we mapped the mutation on 
the zebrafish genome. Pooled DNA of 48 bum-/- and 48 sibling 5 dpf larvae, respectively, was 
tested with 192 SSLP markers resulting in a linkage of the mutation to chromosome 7 
between markers z4706 (located 28.3 cM north of the mutation) and z13880 (26.0 cM south 
of the mutation; data not shown). To narrow down the critical interval of the mutated locus, 
we tested additional SSLP markers located in this genomic region. Analysis of between 516 
and 684 meioses identified z8604 and z7958 as the closest SSLP markers with distances of 
0.2 cM and 3.7 cM, respectively (Fig. 9A). Analysis of 510 meioses for the marker z15069 
revealed no recombination events, indicating very close linkage to this SSLP marker 
(asterisk in Fig. 9A).  
 
As the phenotype observed in bum-/- larvae suggests a defect in secondary lens fibre cell 
differentiation and in the development of the head skeleton, we screened the genomic region 
between the SSLP markers z8604 and z7958 for genes that, when mutated, might explain 
the phenotype (Fig. 9B). This approach resulted in three candidate genes: hspa12b, a heat-
shock protein; slc8a4b, a member of a solute carrier family; and cct7, a chaperonin 
containing TCP1, subunit 7 (eta). hspa12b and cct7 appeared as attractive candidates as 
heat shock proteins/chaperones have been shown to play crucial roles in the development 
and function of the vertebrate lens [56, 57], including in zebrafish [58-60], and have been 
demonstrated to be important for lens fibre cell differentiation in this species [11, 61]. slc8a4b 
was chosen as a candidate gene due to the critical role of ion channels in lens physiology 
(reviewed in [62]) and the observed phenotype, i.e. the swelling of the secondary fibres soon 
after the onset of differentiation, could be explained by an osmotic imbalance in these cells.  
 
We prepared cDNA from 5 dpf old bum-/- and sibling larvae and sequenced all of these 
genes. Analysis of the full length coding sequences of the hspa12b, the cct7 and the slc8a4b 
genes did, however, not reveal a mutation that would alter the amino acid sequence of the 
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corresponding proteins (see Suppl. Figs. 3, 4 and 5, respectively). This suggests that either 
the mutation in bum-/- affects a different gene or that it is not located in the coding region of 
one of either of these genes, but in regulatory sequences such as promoter regions. In the 
latter case, only extensive sequencing of large regions of the DNA flanking the candidate 
genes might reveal possible mutations, which would subsequently have to be validated in, for 
example, reporter assays.  
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Figure Legends 
 
Figure 1: The lens in 3 dpf bum-/- zebrafish shows the onset of a hyperproliferation of 
the anterior epithelium. (A-C) Toluidine blue-stained transversal semi-thin sections through 
the central part of the eyes of 3 dpf sibling (wild-type, wt; top picture in A and panel B) and 
bum-/- mutant zebrafish larvae (bottom picture in A and panel C). Panel A shows cross-
sections of entire heads, panels B and C higher magnifications of individual eyes. Note the 
onset of a hyperproliferation of the anterior lens epithelium in the mutant (C; white 
arrowheads). The overall morphology of the eye however, including the layers of the neural 
retina (NR), is normal in bum-/- mutant larvae (compare panels B and C). (D-J) Thin-section 
electron microscopy images of transversal sections through the central part of the eyes of 3 
dpf sibling (D, F) and bum-/- (E, G-J) zebrafish larvae. (D, E) Overviews showing the 
morphology of the entire lens. (F, G) Higher magnifications of the anterior lens epithelia in 
sibling (F) and bum-/- (G, G’) zebrafish larvae. Note that the epithelium (brackets) forms a 
monolayer in the wild-type larvae, but is expanded to several cell layers in the mutants. 
Occasionally, apoptotic cells can be observed in the mutant lens epithelium (asterisk in G’). 
(H, I) Higher magnifications of the lens’ bow region in bum-/- mutant zebrafish larvae showing 
the differentiating secondary lens fibre cells, which at this stage do not yet show the massive 
degenerative changes observed at later developmental stages (see Figs. 2 and 4). (J) Slight 
deformation of the outer cortex of a bum-/- mutant lens anterior of the lens’ equator. Asterisks 
denote superficial secondary lens fibre cells that show the first signs of cellular swelling. 
Abbreviations: C: cornea; PFC: primary lens fibre cells; L: lens; LE: lens epithelium; n: 
secondary lens fibre cell nuclei; NR: neural retina; ON: optic nerve; P: pigment granules of 
the iris; PFC: primary lens fibres; SFC: secondary lens fibre cells.  
 
Figure 2: The lens in 4 dpf bum-/- zebrafish shows a massive hyperproliferation of the 
anterior epithelium and the onset of a maldifferentiation of secondary fibre cells. (A,B) 
Toluidine blue-stained transversal semi-thin sections through the central part of the eyes of 4 
dpf sibling (wild-type, wt; top picture in A) and bum-/- zebrafish larvae (bottom picture in A and 
panel B). Panel A shows cross-sections of entire heads, panel B a higher magnification of an 
individual eye. Note the hyperproliferation of the anterior lens epithelium in the mutant (black 
arrowheads), which does not affect the differentiation of the primary and early developing 
secondary fibre cells (collectively termed “FC” here as they cannot be differentiated at the 
magnification shown in panel B). The overall morphology of the head (A) and eye (B), 
including the development of the layers of the neural retina (NR), are normal in bum-/- mutant 
larvae. (C-I) Thin-section electron microscopy images of transversal sections through the 
central part of the eyes of 4 dpf bum-/- zebrafish larvae. (C-E) Anterior part of the eyes of 4 
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dpf sibling (C; higher magnification C’) and bum-/- mutant (D,E) zebrafish larvae. Note that 
while wild-type larvae consistently have a monolayered lens epithelium (brackets in C,C’), 
the mutants display a massively hyperproliferating lens epithelium (brackets in D,E). 
Moreover, the mutant lens epithelium frequently comprises pyknotic nuclei (arrowheads in D) 
and empty spaces containing cell debris (asterisks in D and E). The # signs indicate the 
massive deformation of the fibre mass near the anterior lens pole. (F,G) Bow regions 
posterior of lens equator encompassing the early differentiating lens secondary fibre cells in 
4 dpf sibling (F) and bum-/- mutant (G) zebrafish larvae. In the mutant lenses note the 
presence of cytoplasm with a much lighter appearance (arrowheads and inset G’), 
sometimes still containing nuclei (N, inset), embedded in layers of secondary fibre cells that 
appear to have differentiated normally. Also note the swelling of some of the outermost fibre 
cells (s), which is however not yet as pronounced as at later developmental stages (see Fig. 
4). (H) Lobe-like protrusion of secondary lens fibre cells near the posterior pole of a bum-/- 
mutant lens. Note that some of the fibre cells, particularly in the outermost layers, appear to 
be swollen (s). (I) Part of the central retina showing normal development of the layers of the 
neural retina, the optic nerve and the retinal pigment epithelium. Abbreviations: C: cornea; 
EC: lens epithelial cells; FC: (primary and secondary) fibre cells; GC: retinal ganglion cells; 
INL: inner nuclear layer; IPL: inner plexiform layer; L: lens; N: remaining nucleus in a late-
stage differentiating secondary lens fibre cell; n: nuclei in a early-stage differentiating 
secondary lens fibre cells; NR: neural retina; ON: optic nerve; OPL: outer plexiform layer; 
PFC: primary lens fibre cells; PRC: photoreceptor cells; RPE: retinal pigment epithelium; 
SFC: secondary lens fibre cells.  
 
Figure 3: Mutant bum-/- lenses display significantly increased levels of apoptotic cell 
death in the anterior lens region at 4 dpf. (A,B) External views of the heads (A,B) and 
eyes (A’,B’) of 4 dpf sibling (wild-type, wt; A,A’) and bum-/- larvae (B,B’) showing Acridine 
Orange fluorescence to reveal cells undergoing apoptosis. The outer margins of the eyes 
(outer dotted lines in panels A and B) and the inner margins of the pupils (inner dotted lines 
in panels A and B; dotted lines in panels A’ and B’) are indicated. Note the reduced and 
irregular pupil diameter in the bum-/- mutant larvae. While the wild-type lenses do not show 
Acridine Orange-positive cells (A’), mutant lenses regularly contain numerous fluorescent 
cells (B). (C) Statistical analysis of the number of apoptotic cells in 4 dpf sibling (left) and 
bum-/- mutant larvae (right) showing highly significant numbers of apoptotic cells in the 
mutant lenses (but not in the wild-type), which suggests a mechanism for the regression of 
the lens tumours in bum. Error bars represent the standard error of the mean (SEM).  
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Figure 4: The lens in 5 dpf bum-/- zebrafish shows a severe degeneration of secondary 
lens fibre cells and can be ectopically located in the neural retina. (A-F) Histology of the 
eyes in larval (A-G) and adult bum-/- zebrafish (H,I). (A,B) Toluidine blue-stained transversal 
sections through the central part of the eyes of 5 dpf sibling (wild-type, wt; A) and bum-/- (B) 
zebrafish larvae. Insets in bottom-right corners show magnifications of the boxed areas in the 
retinas of the eyes shown on the left in A and B, respectively. (C) Semi-thin section of a bum-
/- eye at 5 dpf. The higher magnification of the lens reveals that in the outer lens cortex, the 
secondary lens fibre cells appear detached from each other with large empty spaces 
between them (see bracket indicating this region at the lens’ posterior pole). The central lens 
nucleus, however, seems to be composed of morphologically normal primary lens fibre cells. 
Note that part of the iris reaches beyond the centre of the lens (black arrowhead) leaving 
only a small, lopsided pupil opening. (D-G) Thin-section electron microscopy images of 5 dpf 
bum-/- (D,E) and wild-type lenses (F-G). The images of mutant lenses show that the initial 
stages of fibre cell differentiation occur normally with the cells (and their nuclei) adopting a 
flattened shape during cellular elongation. Soon after the onset of differentiation (3-4 cells 
into the lens), however, the differentiating secondary lens fibre cells appear to swell, 
increasing in thickness by a factor of up to ten (asterisks). A further 1-2 cells deeper into the 
lens, the secondary fibre cells appear to detach from each other and/or fragment. This 
results in large empty, vacuolar spaces (v) between fibre cell fragments. The fibre cells of the 
lens nucleus by contrast appear to have differentiated normally. Such swelling, detachment 
and fragmentation of secondary lens fibres is never observed in age-matched wild-type 
sibling lenses (F,G). (H,I) Morphology of the adult eye in bum-/- as revealed in transverse 
sections through the central part of the eye. Except for the conspicuous absence of the lens 
and an almost closed pupil opening (arrowhead and inset in H), the morphology of the eye in 
bum-/- mutant zebrafish is comparable to that of wild-type individuals, with a neural retina 
displaying all characteristic layers, a retinal pigment epithelium interdigitating with the well-
developed photoreceptor outer segments, as well as a normally formed anterior chamber, 
vitreous humour cavity and cornea. A higher magnification of part of the retina of an adult 
bum-/- mutant zebrafish shows normal retinal layering (I). Abbreviations: AC: anterior 
chamber; C: cornea; EC: lens epithelial cells; GCL: ganglion cell layer; INL: inner nuclear 
layer; IPL: inner plexiform layer; L: lens; LFC: lens fibre cells; n: nuclei of differentiating 
secondary lens fibre cells; NR: neural retina; ON: optic nerve exiting the retina; OPL: outer 
plexiform layer; PFC: primary lens fibre cells; PRC: photoreceptor cells; RPE: retinal pigment 
epithelium; v: vacuolar spaces; VH: vitreous humour. 
 
Figure 5: The hyperproliferation of the lens epithelium regresses between 4 and 5 dpf 
in bum-/- mutant larvae. (A-B) Histological sections of sibling (wild-type, wt) and bum-/- 
 26 
mutant eyes at 4 dpf (A) and 5 dpf (B). The lens epithelial cells are encircled (curved dotted 
lines) and the lines along which the thickness of the lens epithelium was measured are 
indicated (straight solid lines). Note that the epithelium in the wild-type lenses always 
comprises a single layer of cells (epithelial monolayer), whereas in the mutant lenses it can 
be very significantly expanded (3 representative examples are shown for each 
developmental stage). (C) Quantitative measurements of the thicknesses of wild-type (n=10) 
and bum-/- mutant lens epithelia (n=10 for 4 dpf; n=9 for 5 dpf). Mutant epithelia are on 
average approx. 10-fold and 5-fold thicker than wild-type epithelia at 4 and 5 dpf, 
respectively. Notably, there is a statistically significant decrease of 53% in the thickness 
between mutant lens epithelia from 4 to 5 dpf. Error bars represent the standard error of the 
mean (SEM). 
 
Figure 6: Bum-/- mutant zebrafish survive to adulthood but show smaller eyes lacking a 
pupil. (A-D) External views of adult sibling (wild-type; wt) and homozygous bum-/- zebrafish. 
A: Lateral views of the left (L) side of the bodies of a female (F) and a male (M) adult sibling 
zebrafish. B: Lateral views of the left side of the body of a female and a male homozygous 
bum-/- adult zebrafish revealing a bilateral reduction in eye size and a complete lack of a pupil 
in the mutant. C, C’: Magnifications of the left (L) and right (R) sides of the head of the 
female homozygous bum-/- zebrafish shown in panel B. D, D’: Magnifications of the left (L) 
and right (R) sides of the head of the male homozygous bumper zebrafish shown in panel B. 
Note that adult sibling and bum-/- individuals are of comparable size and, except for the eyes, 
overall morphology. Scale bars: A, B: 1 cm, C-D': 2 mm.  
 
Figure 7: Bum-/- zebrafish are severely visually impaired. (A-B) Lateral (A) and dorsal 
(B) views of adult bum-/- mutant zebrafish and sibling (wild-type) zebrafish swimming 
together. Note the significantly darker overall appearance of the mutant fish (asterisks; lower 
individual in A and upper individual in B, respectively) compared to their siblings when kept 
under bright light conditions. (C-F) Optokinetic response of bum-/- mutants and siblings at 5 
dpf (C,D) and 7 dpf (E,F). Both contrast sensitivity (C,E) and visual acuity (D,F) are affected 
by the mutation. In both paradigms the eye velocity as a measure of visual performance is 
lower in bum-/- mutant larvae compared to their siblings. The inset in panel C shows a 
schematic representation of the experimental set-up.  
 
Figure 8: Skeletal analyses by whole-mount staining reveal craniofacial defects and a 
normal ocular skeleton. Alizarin red staining, except for G, which is stained with Alcian 
blue. (A-C) bum-/-, (D-F) wild-type (wt). Comparative linear dimensions are shown and 
indicated by a-g. (A) dorsal view, bum-/- 30 mm SL; (B) lateral view, bum-/- 30 mm SL; (C) 
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dorsal view after removal of jaws, eyes and opercular complex, bum-/- 21 mm SL; (D) dorsal 
view, wt 30 mm SL; (E) lateral view, wt 30 mm SL; (F) dorsal view after removal of jaws, eyes 
and opercular complex, wt 21 mm SL; (G) bum-/- 10 mm SL, Alcian blue stained; (H) scleral 
ossicles, bum-/- 30 mm SL; (I) scleral ossicles of wt 21 mm SL, top, and bum-/- 21 mm SL, 
below; (J) supraorbital bone of wt 21 mm SL, top, and bum-/- 21 mm SL, below; (K) suborbital 
bone of wt 21 mm SL, top, and bum-/- 21 mm SL, below; (L) lateral bones including pterygoid 
complex, preopercle, symplectic, and quadrate bones, wt 21 mm SL, top, and bum-/- 21 mm 
SL, below; (M) hyomandibular, wt 21 mm SL, right, and bum-/- 21 mm SL, left; (N) 
subopercle, wt 21 mm SL, right, and bum-/- 21 mm SL, left; (O) interopercle, wt 21 mm SL, 
top, and bum-/- 21 mm SL, below; (P) mandible, wt 30 mm SL; (Q) mandible, bum-/- 30 mm 
SL; (R) mandible, bum-/- 28 mm SL; (S) mandible, bum-/- 30 mm SL; (T) maxilla complex, 
bum-/- 30 mm SL. Abbreviations: cb: ceratobranchials; ch: ceratohyal cartilage; en: 
entopterygoid; mc: meckels cartilage; mx: maxilla; p: palatine; pm: premaxilla; q: quadrate; 
sc: scleral cartilage; so: scleral ossicles; sy: symplectic. Scale bars: 500 µm unless otherwise 
indicated.  
 
Figure 9: The mutation in bumper maps to chromosome 7. (A) Genetic mapping of bum 
resulted in close linkage to SSLP markers z8604, z15069 and z7958 on chromosome 7. 
Distances from the mutation are given in centimorgan (cM). Figures in brackets refer to the 
number of bum-/- larvae analysed. Note that the 255 bum-/- larvae tested for the SSLP marker 
z15069 did not show a recombination event resulting in a distance to the mutation (asterisk) 
of 0 cM. The locations of the SSLP markers from the top of chromosome 7 are indicated in 
cM as predicted by the MGH genetic map of the zebrafish genome. (B) Schematic 
representation of the region of the zebrafish genome comprising the three SSLP markers 
(blue) closest to the bum mutation as predicted by the ENSEMBL zV7 assembly. The 
representation shows known genes or genes with known homology to genes characterised in 
other organisms as well as their locations. Genes in sense orientation are shown above the 
line representing part of chromosome 7, those in antisense orientation below. Genes 
sequenced as part of this study are indicated in red. Note that the distances between the 
markers differ between the ENSEMBL assembly (panel B) and those on the genetic map (A). 
The abbreviated gene names stand for: per4: period homolog 4; LRCH4: Leucine-rich 
repeat and calponin homology domain-containing protein 4 (Leucine-rich repeat neuronal 
protein 4, Leucine-rich neuronal protein); ADAM 33: ADAM 33 Precursor (A disintegrin and 
metalloproteinase domain 33); pc: pyruvate carboxylase; bms1: breast cancer metastasis-
suppressor 1; ppp1r14b: protein phosphatase 1, regulatory (inhibitor) subunit 14B; plcb3: 
novel protein similar to human phospholipase C beta (PLCB) (fragment); slc8a4b: solute 
carrier family 8 (sodium/calcium exchanger), member 4b; cct7: chaperonin containing TCP1, 
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subunit 7 (eta); hspa12B: heat shock protein 12B; agxt2l1: Alanine-glyoxylate 
aminotransferase 2-like 1; COL25A1: Collagen alpha-1(XXV) chain (CLAC-P) (Alzheimer 
disease amyloid-associated protein; AMY); rpl34: 60S ribosomal protein L34. 
 
Suppl. Fig. 1: Eye development proceeds normally in bum-/- embryos until 2 dpf. (A-D) 
Toluidine blue-stained transversal semi-thin sections through the central part of the eyes of 
36 hpf (A-B) and 2 dpf (C-D) bum-/- mutant embryos. Panels A and C show cross-sections of 
entire heads, panels B and D higher magnifications of individual eyes. (E,F) Thin-section 
electron microscopy images of transversal sections through the central part of the lens of 2 
dpf bum-/- zebrafish larvae: overview (E) and higher magnification of the lens’ bow region (F) 
comprising the early differentiating secondary lens fibre cells. These images demonstrate 
that the hyperproliferation of the anterior lens epithelium and the degenerative changes in the 
secondary lens fibre cells observed in bum-/- mutant larvae at later developmental stages are 
not apparent at these earlier stages. Brackets in panels B and D- F indicate the monolayer of 
anterior lens epithelial cells. The overall morphology of the head (A,C) and eye (B,D), 
including the development of the neural retina are also normal in bum-/- mutant larvae. 
Abbreviations: C: cornea; L: lens; LE: lens epithelium; n: elongated nuclei of the 
differentiating secondary lens fibre cells; NR: neural retina; ON: optic nerve leaving the eye; 
PFC: primary lens fibre cells; SFC: secondary lens fibre cells.  
 
Suppl. Fig. 2: Histological section showing the layers of the adult wild-type zebrafish 
retina. See Fig. 4I for the retinal morphology in adult bum-/- zebrafish. Abbreviations: GC: 
retinal ganglion cells; INL: inner nuclear layer; IPL: inner plexiform layer; OPL: outer 
plexiform layer; PRC: photoreceptor cells; RPE: retinal pigment epithelium. 
 
Suppl. Fig. 3: Sequence of the heat-shock protein gene hspa12b in bum-/- individuals. 
(A) Sequencing of the full-length cDNA of the gene encoding the heat-shock protein 12B 
(hspa12b) isolated from bum-/- mutant zebrafish revealed no mutations as compared to the 
wild-type sequence. The start (ATG) and stop codons (TAA) are highlighted in yellow. (B) 
Predicted protein sequence.  
 
Suppl. Fig. 4: Sequence of cct7 in bum-/- individuals. (A) Sequencing of the full-length 
cDNA of the gene encoding the chaperonin containing TCP1, subunit 7 (eta) (cct7) isolated 
from bum-/- mutant zebrafish revealed no mutations as compared to the wild-type sequence. 
The start (ATG) and stop codons (TAA) are highlighted in yellow. (B) Predicted protein 
sequence.  
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Suppl. Fig. 5: Sequence of the solute carrier family member gene slc8a4b in bum-/- 
individuals. (A) Sequencing of the full-length cDNA of the gene encoding the solute carrier 
family 8 (sodium/calcium exchanger), member 4b (slc8a4b) isolated from bum-/- mutant 
zebrafish revealed no mutations as compared to the wild-type sequence. The start (ATG) 
and stop codons (TGA) are highlighted in yellow. (B) Predicted protein sequence. 
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Zebrafish heat shock protein 12B (hspa12b) 
 
Total sequence length  2339 bp 
cds    88–2163 bp 
Protein length   690 aa 
 
 
A 
 
DNA sequence 
 
   1 tccaattcct tttggcactt tggacatcaa agactatact ccaagtatcc ttaacaatcg 
 
  61 ggctgtgaaa gtcctgtaat atttacaATG gcagacgtct tgcaactcag tatcaacagt 
 
 121 ctacaggtgc caggtgaaga taaatcagac tctacatctc catcgggttc tccatttcct 
 
 181 tccagaaatg agtgtagtat cactcctctt actccctccc cctctccgag aacagaagtt 
 
 241 agaccacgtt tggctcgtcc attttatgtg gtggtcgcaa tagattttgg caccacctcc 
 
 301 agtggctatg ccttcagttt cattgaagac cctgagacca ttcacatgat gagaaggtgg 
 
 361 gagggaggag accctggtgt agcaaatcag aaaagtccaa cctgtcttct gctgacccct 
 
 421 gacctacgtt tccacagttt tggctttgca gcgcgagaca gttatcatga ccttgacccc 
 
 481 gaggaggcca gacattggct atactttgac aaattcaaaa tgaaaatcca cagcacaagt 
 
 541 gatcttacta tggagactga gctggagtct gttagtggaa gaagagtgca ggccattgag 
 
 601 gtgtttgctc atgccttgag gttctttcga gaacatgctt taaaggaggt gaaggaccag 
 
 661 tcctcctctg tgctggaagg taatgaagta cggtgggtca tcacagttcc tgccgtgtgg 
 
 721 aggcagccag ccaaacagtt catgcgagaa gctgcatatc tggcaggctt agttcctcca 
 
 781 gattctcctg agcagcttct tatagctctt gaaccagagg ctgcatcaat ctactgcagg 
 
 841 aaactgcgtc ttcaccaggt cactgaccta agccagcgtc cagtaactaa tggttttgat 
 
 901 atagacgggt cccgtccatt tgactccagt tttaggcaag cccgtgagca gctccgcaga 
 
 961 gccagacata gccgaacttt tctggtagag agtggtactg gagaattgtg gtctgagatg 
 
1021 cagacaggtg accggtacat tgtagctgac tgtggaggtg ggactgtgga tttgacagtg 
 
1081 catcagattg agcagccaca gggcactctg aaagagcttt acaaagcctc agggggtcct 
 
1141 tatggtgcag ttggtgtgga tcttgccttt gagacaatgt tgtgccaaat ctttggcact 
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 1201 gactttattg acagttttaa agctaaacgt ccagctgctt gggtagatct cactattgca 
 
1261 tttgaagccc gcaaacgtac agcagctcct ggccgtgcca acactttaaa catctcactg 
 
1321 cccttctcct tcattgactt ctacaagcaa caccggggcc agagtgtgga aactgccctg 
 
1381 cgcaagagca atatgaattt tataaagtgg tcatctcaag gaatgctgag actctctacg 
 
1441 gaggccacga acgagctttt tcagccgacc attaacaata tcataaaaca tattgagaac 
 
1501 gtcatgcaga aggaagaagt taagggtgtc cgttttctct tcctggttgg aggattcgca 
 
1561 gagtcaccca tgcttcaacg ggcaattcag aatacactag gacggaactg ccgtataata 
 
1621 attccacatg atgtaggtct aaccatcttg aagggtgcag tcctttttgg tctagacccc 
 
1681 actgttgtca gagtacgccg ttgtccgtta acttatggtg ttggggtttt gaaccgcttt 
 
1741 gtagaaggaa gacaccctca tgataagcta ctcatcaagg atggaagaga atggtgcact 
 
1801 gacattctgg accgctttgt aagtgttgat caatctgtgg ccttgggtga ggttgtgagg 
 
1861 cggagctaca ctcctgctag gatgggtcaa cggaagatca tcatcaacat ctactgcagc 
 
1921 gacactgatg acataaccta tattaccgac cctggggtga ggaagtgtgg tgccatcacg 
 
1981 ctagacctac ttgaatcagg ggaagcttca gctagcactg gtgataacga taaaggatca 
 
2041 gcatttgaac gcagggagat tcgcactacc atgcagtttg gtgacactga gatcaaagtc 
 
2101 acagcagttg atgtggcaac tggccgacta gtgcgggcat caattgactt cttgtctaac 
 
2161 TAAttctatt gtggaatgca aggggtttac cccatataat ctcatcgata aatgactaaa 
 
2221 aataatagct ttgaggtcac atgaggctga tgttaaaact gaaggataaa ctgaaatgtt 
 
2281 actggaatca ctttcttcct gcagtgcacc cagggctgga ttaacataag ggctaggtg 
 
 
B 
 
Protein sequence 
 
MADVLQLSINSLQVPGEDKSDSTSPSGSPFPSRNECSITPLTPSPSPRTEVRPRLARPFYVVVAI 
 
DFGTTSSGYAFSFIEDPETIHMMRRWEGGDPGVANQKSPTCLLLTPDLRFHSFGFAARDSYHDL 
 
DPEEARHWLYFDKFKMKIHSTSDLTMETELESVSGRRVQAIEVFAHALRFFREHALKEVKDQSS 
 
SVLEGNEVRWVITVPAVWRQPAKQFMREAAYLAGLVPPDSPEQLLIALEPEAASIYCRKLRLHQV 
 
TDLSQRPVTNGFDIDGSRPFDSSFRQAREQLRRARHSRTFLVESGTGELWSEMQTGDRYIVAD 
 
CGGGTVDLTVHQIEQPQGTLKELYKASGGPYGAVGVDLAFETMLCQIFGTDFIDSFKAKRPAAW 
 
VDLTIAFEARKRTAAPGRANTLNISLPFSFIDFYKQHRGQSVETALRKSNMNFIKWSSQGMLRLS 
 
TEATNELFQPTINNIIKHIENVMQKEEVKGVRFLFLVGGFAESPMLQRAIQNTLGRNCRIIIPHDVG 
 
LTILKGAVLFGLDPTVVRVRRCPLTYGVGVLNRFVEGRHPHDKLLIKDGREWCTDILDRFVSVDQ 
 
SVALGEVVRRSYTPARMGQRKIIINIYCSDTDDITYITDPGVRKCGAITLDLLESGEASASTGDNDK 
 
GSAFERREIRTTMQFGDTEIKVTAVDVATGRLVRASIDFLSN 
 
 
 
Supplementary Figure 4 
 
 
Zebrafish chaperonin containing TCP1, subunit 7 (eta) (cct7)  
 
Total sequence length  1643 bp 
cds    1–1643 bp 
Protein length   546 aa 
 
 
 
A 
 
DNA sequence 
 
 
   1 ATGatgtcca ctccagtyat cctcttgaaa gagggcacag acacctctca gggggtccca 
 
  61 caactggtca gcaacataaa tgcctgccag gttgtggcag aggctgtgcg gaccaccctt 
 
 121 ggcccccgtg gcatggacaa gcttgtggtg gataaccgag gcaaagccac tatttctaat 
 
 181 gatggagcca caattctgaa gcttttggat gttgtgcatc ctgcagccaa gactctggtg 
 
 241 gacattgcta gatctcaaga tgctgaggtc ggagatggta ccacttcagt gactctgctt 
 
 301 gctgctgagt ttctgaagca gttgaaaccg tatgtggaag aagggcttca cccacagacc 
 
 361 atcatcagag cattccgcat cgccacccaa cttgctgtca aaaagatcaa agaaatcgct 
 
 421 gttaccatca aaaaggatga caaacaagaa cagaggaggt tgttggagaa gtgtgctgct 
 
 481 acagctttga actccaagct gatagcaggg cagaaggatt tcttctccaa gatggtggtg 
 
 541 gatgcagtga tgatgctgga tgatctgctg cctctgaaga tgattggagt gaagaaggtg 
 
 601 cagggtggtg ctctggagga gtctcagctt gtggctggtg tggcatttaa gaagactttc 
 
 661 tcttatgctg gttttgagat gcagcccaag cgttacatga acccaaaaat tgccctgctc 
 
 721 aacattgagc tggagttgaa ggcagagaag gacaatgccg aggttcgcgt caactcagtg 
 
 781 gaggactatc aggccattgt tgatgctgaa tggaacatcc tgtatgataa actggagaag 
 
 841 atccacaaat ctggcgctaa agttgtgctg tccaagctgc ccattggaga tgtagccaca 
 
 901 cagtactttg cagacagaga tctgttctgt gcaggccgcg tcgtggagga agatctcaaa 
 
 961 agaactatga tggcttgtgg tggctccatt cagaccagtg ttggttccct gactgatgat 
 
1021 gttcttggcc agtgtgagct atttgaagaa gtgcaggttg gaggagagag atacaatttc 
 
1081 tttaaaggct gcccaaaggc caagacctgc accatcattc tgaggggtgg tgcagagcag 
Supplementary Figure 4
Click here to download Supplementary Material (Artwork Files): Suppl-Fig-4.doc
 1141 tttatggaag agacggaccg ctcactgcat gatgccatta tgatagtgcg cagggcaatc 
 
1201 aagaatgact ccattgttgc cggtggtggg gcaattgaga tggagttgtc gaagtatctg 
 
1261 agggattatt ctagaacaat tccagggaag cagcaattgc tgatcggagc ctatgccaag 
 
1321 gccctggaga tcattcccag acagctctgt gacaatgcgg gatttgatgc cacaaatatt 
 
1381 ctaaacaaac tgagggccaa gcatgcacag ggtggtatgt ggtatggagt ggatgtgaat 
 
1441 aatgaagaca tagcagataa cttccaggca tgtgtttggg agccctctat agtgcgtatc 
 
1501 aatgccttga ctgctgcatc tgaagctgca tgcctcatac tgtcagtgga tgagaccatc 
 
1561 aagaaccctc gctccagtgt tgatggccca ccggcagctg ctgcagagga aggggtcgtg 
 
1621 gtagaccagc ccatgcccac TAA 
 
 
 
B 
 
Protein sequence 
 
 
MMSTPVILLKEGTDTSQGVPQLVSNINACQVVAEAVRTTLGPRGMDKLVVDNRGKATIS 
 
NDGATILKLLDVVHPAAKTLVDIARSQDAEVGDGTTSVTLLAAEFLKQLKPYVEEGLHPQ 
 
TIIRAFRIATQLAVKKIKEIAVTIKKDDKQEQRRLLEKCAATALNSKLIAGQKDFFSKMVVD 
 
AVMMLDDLLPLKMIGVKKVQGGALEESQLVAGVAFKKTFSYAGFEMQPKRYMNPKIAL 
 
LNIELELKAEKDNAEVRVNSVEDYQAIVDAEWNILYDKLEKIHKSGAKVVLSKLPIGDVAT 
 
QYFADRDLFCAGRVVEEDLKRTMMACGGSIQTSVGSLTDDVLGQCELFEEVQVGGER 
 
YNFFKGCPKAKTCTIILRGGAEQFMEETDRSLHDAIMIVRRAIKNDSIVAGGGAIEMELSK 
 
YLRDYSRTIPGKQQLLIGAYAKALEIIPRQLCDNAGFDATNILNKLRAKHAQGGMWYGV 
 
DVNNEDIADNFQACVWEPSIVRINALTAASEAACLILSVDETIKNPRSSVDGPPAAAAEE 
 
GVVVDQPMPT 
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Zebrafish solute carrier family 8 (sodium/calcium exchanger, member 4b) 
(slc8a4b) 
 
Total sequence length  3606 bp 
cds    1–2961 bp 
Protein length   987 aa 
 
 
 
A 
 
DNA sequence 
 
 
   1 ATGtatagaa aagaacaagt gctgcaggtc ctgggtctta acattagcca gctggctgtt 
 
  61 aaagtgggac gtggcagtgc aggtggtgta aaaaggagag tggtagacag gatcacagag 
 
 121 ggcagacatg atgaggggaa tgatgaaaaa gtgtttggga gtaaaccaca gtgcctgtgc 
 
 181 ctcatttact ttgctcttgc tgtatctcta agcattaatg atgcagtcac agatgttcaa 
 
 241 gttacctttg ccaagggcac tgacacaacc ccataccttg atgcccaaga tttagaccaa 
 
 301 tctacctcca actgttccca gaacgacgtg tgcacagacg gggtcctgtt accagtgtgg 
 
 361 aatccccaga acccttcagt gggtgacaaa gtggcccgtg ccattgtgta cctggtggca 
 
 421 ctagtttaca tgttcttagg tatgtcaatc atagctgacc gcttcatgac tgccattgaa 
 
 481 gttataactt cacaagagaa ggagatcact acaaaaagac ccaatggtga aacagtcacc 
 
 541 acaacagtcc gcatatggaa tgagactgtc tccaatctaa ccctaatggc tctggggtct 
 
 601 tcagccccag aaatattgct ttcagtcatt gaggtctgcg ggcataattt tgaggctggt 
 
 661 tctctaggtc ccagcaccat tgtgggcagt gctgccttca acatgtttgt aatcattggt 
 
 721 ctctgtgtct atgtggtacc tgaaggtgaa aggcgcaagg tcaaacatct tcgggtgttt 
 
 781 tttgtgactg cagcatggag catgtttgcc tacatttggc tctatcttat ccttgctgta 
 
 841 atctctccag gtgaggtaga agtttgggaa gctgtattga cgttcctctt tttccctctc 
 
 901 tgtgtggtcc aagcctggat cgctgatcgc cgattgcttt tttacaagta tgcacgcaaa 
 
 961 cgctaccgaa ccgataaggg tcgtggaatt atagtgtctg agggtgggga ggaattaggg 
 
1021 aaagaggcgg gattcacaaa gatggacatg ttggaaattg atggaatcac tactcattta 
 
1081 gatggggtct tgggagggga aagtgggctt ggtggacgtg atcaagaaga ggaagccagg 
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1141 agagaaatgg ccagaactct aaaggaattg aagcagagac atcctgagaa ggacatggag 
 
1201 cagctcatag agatggccaa ctatcaggtt ctgatgcagc agcagaagag cagggctttc 
 
1261 taccgcattc aggcaacaag gatgatgatt ggtgctggga acatcttgaa gaaacatgca 
 
1321 gcggatcagg ctcgtaaagt ggtcagcagt ggggaacccc gagagcagga agatgatcct 
 
1381 catgttacaa gaatagactt tgaaccagcc ctctaccagt gctttgagaa ctgtggatcc 
 
1441 ttaaaactta ccgtacaaag gcatggagga gatgccgggt gtagtgttaa agtggactac 
 
1501 cgcactgaag atggcacagc caatgctggt tctgactatg agtttgcaga gggcacactt 
 
1561 gtcttcaaac ctggcgagaa tgttaaagac atcgcagttg gcattattga tgatgatatc 
 
1621 tttgaggaag atgaatattt ttatgttcgt ttgagcaatc cccgtatagt tgggtgggct 
 
1681 gatggacatc ctattgcttt ggagactgga gctcctgccc ctagtgctgc ccttggtgag 
 
1741 gctcacacgg caacagtgac aatctatgat gatgaccatg ccggaatttt cacatttgag 
 
1801 agtgaatcaa tgcgagtgag tgaaagtatt ggaatcatgc aggtcaaggt ccagagaacg 
 
1861 tctggagccc gtggtctggt ggcggtacca tatcaaacag tggatgggac agcttgtgga 
 
1921 ggggaggact atgaggaagt gtctggaaaa ttggagttcc agaatgatga gacaatgaaa 
 
1981 acaattgagg tgaagattat agacgatgaa gagtatgaaa agaataagac cttcagcatt 
 
2041 gagttaggcg agccagtgct acttgagatt ggacagaagc atggagactc taatgagaat 
 
2101 aagccagaaa tcggggcaga ggaggaggaa gtagcaaaga tgggatgtcc cagtttggga 
 
2161 gaacatactc gattggaggt ggtgattgaa gaatcttatg aatttaagaa tacagtggat 
 
2221 aagctcatta agaagactaa cctagctctg gttgttggca gcagtagctg gagagagcag 
 
2281 tttgtcagtg ctgttactgt cagcgcaggc gacgatgatg aggaggagag tggtgaagaa 
 
2341 cgccttccat cctgctttga ttatatcatg cacttcctga cagtcttctg gaaggttctc 
 
2401 tttgcctttg tcccacctac agagtactgg aatggatggg cttgcttcat tgtttccatc 
 
2461 tttttaatcg gtgcgttgac agcggtcact ggtgatctcg cttcccactt tgggtgcact 
 
2521 gttggcctga aggattcagt caccgctgtg gtctttgttg ccttggggac atcagttcca 
 
2581 gacacttttg ccagcaaagt agctgccatc caagaccaat atgctgacgc ctccattggt 
 
2641 aatgtgacag gcagtaatgc tgtcaatgtt ttcctgggca tcggtgtggc ctggtccatt 
 
2701 gctgccatat actggcggag caagggcaaa tcttttcacg ttgatccggg ctctctggcc 
 
2761 ttctctgtca cactcttcac ggctttggct gtggtgtgtg tcagcgtgct gttgtatcgc 
 
2821 cggcgcccct cagtggctgg aggagaactc ggcggcccac ggacttgcaa gatattgaca 
 
2881 tccttactct tcatttccct ctggctgatc tacatcctgt tggcttcatt ggaaacatac 
 
2941 tgtcacatcc ccggattcTG Aagcagcaat acatggagag gaatatgaca acagccaatg 
 
3001 aaggagcatt ttttttttat ttataattat tagatattta tcttgaagtc tacttactgt 
 
3061 tgtcgatttt tgtatttttt catttcctta tctagaaatt gtgatgatgg catcactcac 
 
3121 tgcttccaag agaacacaaa aagagtgatg ttttatttta gttgagctaa tattaaattg 
 
3181 agatttgttt gttttaatga actgtccctt taagttagct tgaatgcagt atctcaaaca 
 
3241 ccgttccttg ttcccttgcc ttacacttgt ccatctctca gtggtgtctt aaacccatcc 
 
3301 agaccagtaa ccagtaacca atgactcatg tcttttgtac tcctgtttga gccaaaccaa 
 
3361 gcctttggtt actgaatgaa agagtttacc tttttcttgg ggacattttt ctttaataca 
 
3421 aagtgtcagt attactctca tgtacttgta gatatgctgt ttgacaatat attatatatg 
 
3481 aagagaatga ccaaacacaa actttataat gacaaagagc agactgaatg acttactgtt 
 
3541 gctaagatga aaagcatgct ttatcactta ataagaagca gacagttgag aagcatgtca 
 
3601 agtcca 
 
 
 
B 
 
Protein sequence  
 
 
MYRKEQVLQVLGLNISQLAVKVGRGSAGGVKRRVVDRITEGRHDEGNDEKVFGSKPQ 
 
CLCLIYFALAVSLSINDAVTDVQVTFAKGTDTTPYLDAQDLDQSTSNCSQNDVCTDGVL 
 
LPVWNPQNPSVGDKVARAIVYLVALVYMFLGMSIIADRFMTAIEVITSQEKEITTKRPNG 
 
ETVTTTVRIWNETVSNLTLMALGSSAPEILLSVIEVCGHNFEAGSLGPSTIVGSAAFNMF 
 
VIIGLCVYVVPEGERRKVKHLRVFFVTAAWSMFAYIWLYLILAVISPGEVEVWEAVLTFLF 
 
FPLCVVQAWIADRRLLFYKYARKRYRTDKGRGIIVSEGGEELGKEAGFTKMDMLEIDGI 
 
TTHLDGVLGGESGLGGRDQEEEARREMARTLKELKQRHPEKDMEQLIEMANYQVLMQ 
 
QQKSRAFYRIQATRMMIGAGNILKKHAADQARKVVSSGEPREQEDDPHVTRIDFEPAL 
 
YQCFENCGSLKLTVQRHGGDAGCSVKVDYRTEDGTANAGSDYEFAEGTLVFKPGENV 
 
KDIAVGIIDDDIFEEDEYFYVRLSNPRIVGWADGHPIALETGAPAPSAALGEAHTATVTIY 
 
DDDHAGIFTFESESMRVSESIGIMQVKVQRTSGARGLVAVPYQTVDGTACGGEDYEEV 
 
SGKLEFQNDETMKTIEVKIIDDEEYEKNKTFSIELGEPVLLEIGQKHGDSNENKPEIGAEE 
 
EEVAKMGCPSLGEHTRLEVVIEESYEFKNTVDKLIKKTNLALVVGSSSWREQFVSAVTV 
 
SAGDDDEEESGEERLPSCFDYIMHFLTVFWKVLFAFVPPTEYWNGWACFIVSIFLIGAL 
 
TAVTGDLASHFGCTVGLKDSVTAVVFVALGTSVPDTFASKVAAIQDQYADASIGNVTGS 
 
NAVNVFLGIGVAWSIAAIYWRSKGKSFHVDPGSLAFSVTLFTALAVVCVSVLLYRRRPS 
 
VAGGELGGPRTCKILTSLLFISLWLIYILLASLETYCHIPGF 
 
 
TYPE SL DV LR AP 
bum-/- 30 5094 3270 4126 
bum-/- 30 5100 2990 4080 
bum-/- 28 5136 3172 4246 
bum-/- 22 3762 2599 3630 
bum-/- 21 3651 2554 3581 
bum-/- 21 - 2414 3142 
wild-type 31 5394 3693 5533 
wild-type 29 5199 3417 5160 
wild-type 25 4308 2995 4434 
wild-type 23 4208 3031 4261 
wild-type 23 4255 3076 4760 
wild-type 23 4244 3214 4602 
wild-type 22 - 2920 4352 
wild-type 21 - 2708 4215 
 
Supplementary Table 1: Raw measurements of skull size of bum-/- and wild-type 
zebrafish.  Standard lengths (SL) are given to the nearest millimeter.  Measures of skull depth 
(dorsal-ventral (DV) distance), width (left-right (LR) distance) and length (anterior-posterior (AP) 
distance) as defined in the text are given to the nearest micrometer.  
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